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ABSTRACT

Despite the huge success of the lithium-ion batteries (LIBs) in the portable electronic devices and
electric vehicles (EVs) applications, the fundamental understanding on the electrode/electrolyte interface still
remains challenging. The interfacial phenomena are governed by the physico-chemical properties of the
electrode surface as well as the nature of electrolyte components.

At the first part of this work, the surface free energy (SFE) analysis is performed for various com-
mercial grade LiMn,04(LMO) powders and the three SFE components, Lifshitz van der Waals (y}"), acid
(yD), and base(yy), are obtained based on the van Oss-Chaudhary-Good (vVOCG) theory. It is revealed that
Mn dissolution is strongly correlated with the Lewis acid-base component (Y4B = Zm ), which is
attributed to the short-range columbic interactions between the Lewis acidic site of LMO surface (y#) and
the basic electrolyte species (e.g., solvents, anions), and between the Lewis basic site (y;) and the acidic
electrolyte species (e.g., HF).

At the second part, the SFE analysis is performed to shed some light on surface chemical properties
of graphite anode and the solid-electrolyte interphase (SEI) layer formed on it. The edge and basal planes of
pristine graphite show relatively high y* and y-, respectively. The presence of SEI layer brings dramatic dif-
ference in the SFE properties of the graphite electrodes. In particular, the y~ values becomes one order of
magnitude higher. In addition, the SFE values also depend on the types of Li salt employed for SEI for-
mation. LiPFg and LiFSI solutions form inorganic-rich SEI layer, and thus higher total SFE than the organic-
rich SEI formed in a LiClO, solution.

At the last part, various polymers are examined to search a suitable probe solid triplet with a low
condition number, which is mandatory to determine the three SFE components of liquid samples. Among the
tested combinations, PE/PVF/PMMA set is found to have the lowest condition number, which is rather high

compared to that of probe liquid set. Further exploration for better probe solid triplet is needed.

Keywords: LiMn,Oa, Surface free energy, metal dissolution, graphite electrode, SEI, condition number
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I . Correlation of Surface free energy and electrolyte property to assess

metal dissolution behavior of LiMn204

1.1. Introduction

1.1.1 Overview

Lithium ion batteries (LIBs) have attracted much attention because of its potentials for porta-

ble devices and electric vehicles (EVs). Despite vast amount of efforts so far, understanding

an interfacial phenomenon between electrolyte and electrodes still remains challenging. In

the case of LiMn.O4(LMO) cathode material, Mn dissolution issue is known to be the key

failure cause. The Mn dissolution behavior, a cathode/electrolyte interfacial phenomenon, is

expected to be determined by the physico-chemical properties of the cathode surface as well

as the nature of electrolyte components. However, the correlation between the chemical

properties of cathode surface and the metal dissolution behavior is not fully understood yet.

In this work, a surface free energy (SFE) analysis is employed to verify surface chemical

properties of LMO powders with an aim to assess the Mn dissolution behavior.



Disproportionation
LiMn,O, — Li[Li,Mn,_,]O, + Mn?*

Acid attack by HF
Li, ,Mn,0, + HF
— A-Mn,QO, + LiF + Mn?* + H,0

Re-precipitation

(Mn,O,, MnF,, MnCO,)

LiPFg + 4H,0 (Electrolyte)
— 5HF + LiF +H,PO,

HF

n’*‘ Anode.

Migration and deposition
— Cell degration

Figure 1. Schematic illustration of Mn dissolution mechanisms.

1.1.2 Capillary rising method for porous materials

Contact angles of porous powders can be measured by capillary rising method. According

to Washburn, we can calculate the contact angle of porous power by measuring adsorbed lig-

uid height by times.

Besker Containing Liquid

\l___

Electrobalance

Signal Processor

Glass Tube ~—__|

Scale bar —_ |

_}— Powder

| — Liquid Front

__— Glass Filter

| I Lab Jack

Figure 2. Schematic experimental setup for contact angle measurements at powders [1].



Relations of capillary rising can be described by Washburn equation [2].

dh  r? (Zylvcose

Friieer - Apgh) (Eq. 14)

r

, where h is the height of liquid penetration at time t, r is the radius of capillary. vy, is the
liquid to vapor surface tension, 0 is the contact angle, Ap is the difference in density be-
tween the liquid and the gas phase, and 7 is the viscosity. Washburn equation can be meas-
ured by detection of m?/t and can be simplified by measuring capillary constant. Capillary

constant can be obtained by measuring m?#/t with totally wetting liquid which is n-hexane.

2

cosB = mT X —1 (Eg. 15)

pZoyc

¢ = -m?r°n? (Eq. 16)

,where r is radius of the micro capillaries between powder particles, ny is the number of
powder particles. Capillary rising method cannot be used for above 90°: no liquid can pene-

trate to the powder above 90° [1-4].

1.2. Experimental

1.2.1 Preparation of LMO electrodes

cathode slurry was prepared by combining LMO powder (L&F Co., Korea) as active mate-



rial, Super-P as conductive carbon and PVdF (KF 9130, Kureha) as binder. NMP was used as

solvent to adjust the viscosity of the slurry. The four ball-milled slurries were uniformly coat-

ed onto Al foil which is current collector and dried in oven at 110 °C for 30 min. The dried

electrodes were pressed and then dried again in a vacuum oven at 80 °C overnight. The elec-

todes were cut into pieces of diameter 14mm, with 8.45 +0.1mg/cm?.

1.2.2 Metal dissolution

To investigate the influence of the surface free energy (SFE) on the metal dissolution behav-

ior, one piece of the LMO electrode (14 mm diameter) was stored with 4ml of electrolyte in a

polytetrafluoroethylene (PTFE) bottle (Cowie) at 60 °C for 7 days. The electrolyte which is

composed of 1M LiPFs in EC/EMC (3/7 by volume, LG chem.) is used. The water contami-

nation in the electrolyte is under 10 ppm, and the electrolyte is stored in glove box which is

filled with Argon gas. After the high temperature (60 °C) storage with LMO electrode, the

concentration of metal ion in the electrolyte was analyzed by using atomic absorption spec-

troscopy (AAS, Shimadzu). At the same time, contents of water and HF were analyzed by

Karl Fisher (831 KF coulometer, Metrohm) and acid-base titration methods (848 Titrino plus,



Metrohm).

Sampling dissolute
electrolyte 1g
HT Sampling dissolut:
ing di e
Storage electrolyte 1g
(60°C) in D.I. Water 40ml

Sampling dissolute
electrolyte 0_5ml

Dilution with D.1.Water
by 1/10

Figure 3. Procedure of Mn dissolution experiment to investigate the content of water
and HF, and the concentration of dissolved Mn?* ion in the electrolyte at various
temperature storage (35°C, 45°C, 55°C and 65°C).

1.2.3 Activation energy of metal dissolution reaction and Arrhenius equation

All molecules possess a certain minimum amount of energy. The energy can be in the

form of kinetic energy or potential energy. When molecules collide, the kinetic energy of the

molecules can be used to stretch, bend, and ultimately break bonds, leading to chemical reac-

tions. If molecules move too slowly with little kinetic energy, or collide with improper orien-

tation, they do not react and simply bounce off each other. However, if the molecules are



moving fast enough with a proper collision orientation, such that the kinetic energy upon col-

lision is greater than the minimum energy barrier, then a reaction occurs. The minimum ener-

gy requirement that must be met for a chemical reaction to occur is called the activation en-

ergy, Ea. In this study, Ea is separated into two part, adhesion related activation energy and

non-related energy.

Ea = Waum + E&’ (Eq. 17)

, Where Wqgh is work of adhesion and Ea’ is adhesion non-related activation energy. Ad-

hesion related activation energy can be expressed like following equation, as described be-

fore.

Wan = JOBY Y1)+ [0 v0) + JO05 1) €a18)

SFE components are responsible for interacting forces, and Figure 5. reflected this idea.

o =728 mN/m (Water)

aP? =228
Contact angle 8 =60 °
+ - - + Work of adhesion W,q4; = 36.4 mN/m
B ; Interfacial tension yg = 17.8 mN/m

v*acid) | y” Base) | yWipisperse)

Figure 4. lllustracion of SFE interaction estimation by measuring contact angle

measurement.



The fraction of molecules with energy equal to or greater than Ea is given by the exponen-

tial term in the Arrhenius equation:

k= Aexp(-=)  (Eq.19)

In(k) (Eq. 20)

Ea
k is the rate constant, Ea is the activation energy, R is the gas constant, T is temperature in
Kelvin, and A is frequency factor constant or also known as pre-exponential factor or Arrhe-
nius factor. It indicates the rate of collision and the fraction of collisions with the proper ori-
entation for the reaction to occur.

Combining 2 equation (18) and (20), we can deduce the relationship between reaction rate

and acid-base components.

In(k; Rate) J (g™ i) + J (0% ) + 05 ) Ea.2n)

1.2.4 Adsorption method

The adsorption method (capillary rise technique) was used to measure the contact angles of

the cathode powders for the Li-ion batteries. Tensiometer K100 (Kriss, Hamburg, Germany)

was used for contact angle measurement of cathode powders filled in SH0620 fiber chambers



as showed in the Fig. 5.

Figure 5. Fiber chamber SH0620 (Kriss, Hamburg, Germany).

All powder samples were also stored in a 110°C vacuum furnace for over one day before

measurement to dehydrate. The properties of the cathode powders were changed according to

the time exposed to air due to the humidity. Therefore the contact angles were measured

within one hour. Capillary constant must be measured to determine the contact angles of po-

rous materials such as cathode powder for Li-ion batteries. The n-hexane was used to meas-

ure capillary constant which has only dispersity part, not any of polar part. So the capillary

constant was calculated by using Washburn’s equation due to the fact that the contact angle

should be zero. So the cos® was equal to one. The other terms are constant so, we can calcu-

8



late the capillary constant.

3.0

Mass”2 (sq.9)
o = = N N
[6,] o (3} o (6]
1 1 1 1 1

o
o
1

T T T T T T T T T T T T
0 100 200 300 400 500 600
Time (sec)

Figure 6. Formamide adsorption mass change by time.

After that, by measuring mass changes by the adsorption of known probe liquids by time,

the contact angles of powder cathode by each probe liquids were calculated by using Wash-

burn equation (Eq. 3). The mass square changes by time were chosen of its maximum gradi-

ent after the filter noises. Fig. 6 showed a square of absorbed liquid mass by the time.



0.8 1

0.6 4
G
7]
4
0.4
: J
o] ]
jg e
= 0.2
o
(7]
T
< 0.0
-0.2 T T T T
Diiodomethane Formamide Water Hexane

Figure 7. Adsorbed mass of probe liquids to filter.

Fig. 7. showed the adsorbed mass of probe liquids to filter. Diiodomethane adsorbed more
and rapidly to the powder cathode than other probe liquids. So diiodomethane needed more
cautious to loading the powder. To calculate SFEs of porous material the van Oss-
Chaudhury-Good (vOCG) equation was used.

2

cosB = mT X —1 (Eq. 22)

p2oLc
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1.3 Results and discussion

1.3.1 Analysis of the morphology of LiMn204

Figure 8. SEM images of various LiMn204 powders.

11



Morphologies of LiMn20s powders were investigated using SEM. Seven materials have

some difference of shapes according to synthesis processes. Particle features may differ a Mn

dissolution behavior since exposed termination plane has different cleavage energy which is

a measure of the relative stability of different surface orientations and terminations. In other

words, stability of each exposed plane affects the Mn dissolution phenomenon.

1.3.2 Contact angle measurement by sorption and surface energy

Contact angle of each powders and liquids are measured by utilizing Washburn equation

and sorption method. Few times of experiments were carried out to get a reliable data, and,

for each liquid-solid set, boxes are sketched in the range from 25% to 75%. The collected

data sets are plotted on the graph below, and mean values were employed to analyze the sur-

face energy of materials.

12
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Figure 9. Contact angle from adsorption method by using (a) water (b) diiodomethane

(c) formamide for LMO samples.

By utilizing three contact angle and vOCG theory, we can calculate acid-base component

of solid. Fig 10. shows various surface free energy components which is total, dispersity, po-

larity, acid and base. In general, surface free energy of dispersity showed higher than polarity.

It is attributed by a problem of water reference in vOCG scale. Also surface free energy of

total, polar and acid components showed same trend. On the contrary, the other showed dif-

ferent trend.

14
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Figure 10. Surface free energy components.

To investigate the correlation of the surface free energy of LMO materials with metal dis-

solution, we conducted an experiment at high temperature (60°C) for 7days. Fig 8. shows

metal dissolution of various LMO electrodes measured by an atomic absorption spectroscopy.

15
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Figure 11. Mn dissolution of 1M LiPFs EC/EMC (1:2) after high temperature (60 °C)

storage for 7 days.

1.3.3 Correlation between surface energy components and Mn dissolution

To understand the result of increasing Mn dissolution in order of solvent’s donor number

and HF content, it was approached from a theoretical point of view. When Mn dissolution

reaction occurs, disproportionation of manganese and solvation of Mn?* with the solvent can

be formularized as Eq.23, where n is the number of solvated solvent, S is solvent molecule.

From Eq.1, kinetics of Mn dissolution is represented as Eq. 24. According to the Arrhenius’

16



equation, the reaction rate is exponentially proportional to the Gibbs free energy of dissolu-

tion as Eq.25, and this Gibbs free energy means solvation energy. Considering donor number

represents solvation energy, the experimental result that the rate of Mn dissolution is expo-

nentially proportional to the donor number of the solvent can be demonstrated.

3Mn** — Mn* + Mn?* ---n(Solvent) (Eq. 23)

(Mn® ) [Mn2 ]
k = [Mn3 ]2 (Eq 24)
k (Eq. 25)
- - Ve Ea\

In other words, when two different solvent have different solvation energy, for example,

solvent 2 has higher solvation energy than solvent 1, the activation energy of solvent 2 is

lower than solvent 1, with the relationship between solvation energy and activation energy.

17



Solvation Energy (AG,,) : W< @

2Mn3+(LMO)

AG

Mn%{LMO) + Mn2*--:nS

Reaction coordinate

Figure 12. Scheme of Gibbs free energy change during the Mn dissolution reaction:

3Mn3* — Mn* + Mn?* ---yn(Solvent), where n is the number of solvent.

Remind an equation below that work of adhesion is proportional to the acidity and basicity

of each solid and liquid and activation energy of Mn dissolution.

In(k; Rate) oc\/(y‘s“w -y{“W)+\/(y§r ) + \/(yg vi) (Eq. 26)

According to the above equation, we conclude that acid site interacts with electrode donat-
ing property of electrolyte (donor number), and base site reacts with H+ ions (electron ac-
cepting property of electrolyte) with a root scale. To verify this hypothesis, dissolute Mn
amount of 7 different LMO and its acidity, basicity were plotted below. Long range interac-

tion seems not affect to the metal dissolution, but other acidity and basicity of solid had a lin-

18



ear dependency with Mn dissolution.
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Figure 13. Correlation between Mn dissolution in 1M LiPFs EC/EMC (1:2) solution and

surface energy.

1.3.4 Effect of donor number on the Mn dissolution

Mn dissolution experiment with other solvents instead of EC was performed. Other solvents
are fluoroethylene carbonate (FEC), propyl carbonate (PC), ethyl acetate (EA), butyronitrile
(BN), tetrahydrofuran (THF), 1,2-dimethoxyethane (1G), Trimethyl phosphate (TMP), 1-

methyl-2-pyrrolidinone (NMP) and dimethyl sulfoxide (DMSQ). 1M LiPFs X/EMC (1/2 by

19



volume, X=FEC, PC, EA, BN, THF, 1G, TMP, NMP or DMSQ) were stored at 60’C oven for

7 days with a piece of LMO electrode. As shown in Fig. , the Mn dissolution is exponentially

proportional to the donor number (DN) of solvents. The DN is a quantitative measure of ba-

sicity in chemistry. In other words, donor number reflects the electron donating property (ba-

sicity of electrolyte).

5
| 1M LiPF4 X/EMC(1:2) 4ml, 60 C, 7days
n
4 B D. - /./
/\\.///N TN - ﬁ
- //'/./ Hzc/s\CHg

H,CO- P OCHs,
B OCH3
o/ m

In [Mn?*]/ ppm

PNt
T )k
'\ \_/
o FECPCECBNEA _ THFE1G TMP , NMP DMSO
3.5 40 4.5 5.0 5.5

vDonor Number

Figure 14. Correlations of Mn dissolution and donor number of electrolytes after high

temperature (60 °C) storage for 7 days.

1.3.5 Effect of HF content and Mn dissolution

Mn dissolution experiment with various HF contents (0, 50 100, 200 ppm) were used in

20



this study. Solvents are ethyl methyl carbonate (EMC), ethyl carbonate (EC), 1,2-

dimethoxyethane (1G), trimethyl phosphate (TMP), and dimethyl sulfoxide (DMSO). 1 M

LiPFs X/EMC (1:1 by mol, X=EMC, EC, 1G, TMP or DMSO) were stored at 60 °C oven

for 7 days with a piece of LMO electrode. Mn dissolution is exponentially proportional to

the HF content. It may led to the conclusion that HF, which can be electron accepting

property of electrolyte, causes the Mn dissolution.

6
| IM LiClO, X/EMC (1:2) 4ml, 60°C 7days .
4] m THF A ,;
g e TMP ’ /,
& 2| Ao DMSO i
; v EC P
”
‘q of e
p= oA
e ”
.E oL ,/ .
A ,/ v
a4l 87
0 10 15

T
v [HF]/ppm

Figure 15. Mn dissolution in THF, TMP, DMSO and EC with various HF content after
high temperature (60 °C) storage for 7 days.
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2.4. Conclusions

The SFE and Mn dissolution property of various LMO was determined by sorption method

in this work. Polar SFE implies a surface acid or base functionality. For this reason, it was

possible to infer the correlation between Mn dissolution behavior and SFE. The y"and y™ of

solid, were proportional to the Mn dissolution. Although the SFE components of the electro-

Iyte have not been determined yet, HF concentration and donor number of the electrolyte

were assumed to represent the y*and y of the electrolyte. Donor number is a quantitative

measure of basicity in chemistry. When the solvent has higher donor number, it showed the

proportional relationship with Mn dissolution. Also, HF content played a y* role of electro-

Iyte, so when H+ ions increases, it led to more Mn dissolution. This data provides a possible

explanation that actual electron donating property (donor number) and HF content (electron

acceptor) can be electrolyte acid and base characteristic. This work was the first correlation

work between SFE and battery performance, also suggests the practical use of SFE analysis

to predict the battery performance.
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Donor number

2LiMn,0, + 4H*
- 3MnO, + Mn?* + 2Li* + 2H,0

Figure 16. Schematic illustration of Mn dissolution. Polar SFE of electrode and

electrolyte interact and drive the Mn dissolution.
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IT. Surface energy analysis of pristine and SEI-formed graphite anodes

2.1 Introduction

Graphite has long been employed as an anode material for the lithium-ion batteries (LI1BSs)

due to its high capacity and good cyclability. It is well known that the electrochemical per-

formances of a graphite anode heavily depends on the solid electrolyte interphase (SEI) layer,

which is formed on the anode surface as a result of electrolyte decomposition at the first

charge (Li-intercalation) process.
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Commercial Graphite
(Edge & Basal) Electrodes

Figure 17. (Upper) Edge and Basal planes of graphite, (bottom) commercial edge plane

graphite electrode used in this study.

The reactivity of carbon atoms at the edge sites is much higher than that of carbon at-

oms in the basal planes [5,6]. As seen in Fig. 1. graphite has edge and basal plane depending

on exposed facet. Consequently, the physical and chemical properties of carbon vary with

basal-edge plane ratio. The role of the SEI on the different planes of graphite particles is dif-

ferent: on the basal plane, it is sufficient to have an electronic non-conducting film; on the

cross section (edge planes) it must also be a good lithium ion conductor. This difference can

be reflected in a composition difference. Therefore it is important to study separately the

composition and properties of the SEI on these two planes (basal and cross section) [7]. In

this study, commercial graphite electrodes (In Figure 18) were used to body out the edge and

basal systems.
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So far, extensive efforts have been devoted to elucidate the structure, chemical com-

position, ion transport behavior and failure mechanism of the SEI layer. The physicochemical

properties of the graphite surface are naturally expected to determine the characteristics of an

SEI layer because the SEI formation is the electrochemical reaction taking place at the graph-

ite/electrolyte interface. Fig. 1. presents the change in atomic concentration of the elements

found as a function of sputtering time. Some material decomposition and surface chemical

reactions are to be expected. These factors may affect the concentration depth profile, but

does not change it drastically in the basal plane. For the edge plane case, the carbon signal

decreases sharply after sputtering. This is accompanied by drop in the oxygen atomic concen-

tration, and this may indicate that organic compound, like polyolefin and polymers containing

oxygen, are presented only on SEI surface close to the electrolyte.
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Figure 18. The depth profile of the SEI formed on the basal plane (left) and edge plane

(right) of HOPG [8].
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Figure 19. Estimated composition of the SEI on HOPG in electrolyte [8].

On the basis of the data in Figure 20, it is suggested that graphite has a more pro-

nounced influence on SEI formation. Although much work has been done about SEI film, the
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effects of the surface properties of graphite anode on the growth reaction and the nature of

SEI layer are not fully understood yet.

When electrolyte solution begins to reduce on the graphite surface and forms SEI,

there are competing and parallel solvent and salt reduction processes. Salt degradation prod-

ucts and organic compounds that are reduction products of the solvent made up of the SEI.

For this reason, SFE of SEI with differing salt can be interesting topic of this study.

Salt LiClOy:
LiCIO, + ne + 2n Li==—=== Li,0 + LiCIO;, LiCIO; + LiCI
LiAsFg:
LiAsFg + 2e + 2 Li* —— AsF; + 3LiF
AsF; + 2ne+ 2 nLi* — Li,AsF;, + nLi*
LiPFg:

LiPFg+2e + 2Li — PF; + 3LiF
LiPFg =<—== LiF + PF;
PF;5+ H,0 — 2HF + POF,
PFs + 2ne +2 n Li*— LiPFg, + nLiF

Figure 20. Reductive decompositions of electrolyte salts on carbonaceous anodes [9]

A prior study has suggested that the active surface area (ASA) of graphite represents

the edge plane reactivity toward electrolyte: if ASA is high enough (= 0.1 m2/g), an effi-

cient SEI can be formed and the graphite exfoliation is prevented [10]. It was also claimed

that the irreversible capacity at the first cycle is proportional to ASA, the specific surface area,

and the amount of oxygenated surface groups [11].

When it comes to the cathode case, surface active area may cause electrolyte separa-
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tion. Typical cathodes, such as LiCoO,and LiMn20O4, have polarity on their surface. This po-

larity preferentially adsorbs the cyclic carbonates than linear carbonates because cyclic car-

bonates have higher dielectric constant. More polarized species can be more easily affected

by an acid- base interaction of electrode and electrolyte. It would be reasonable to assume

that the binding strength between the electrode polar surface and EC or PC is much stronger

than the less-polar linear carbonates, like DMC and DEC. Preferential adsorption on the

cathode surface has also revealed with a spectroscopic analysis using the sum frequency gen-

eration (SFG) [12].

In this study, the surface free energies (SFESs) of pristine and SEI-formed graphite an-

odes are examined. First, the SFE properties of the edge and basal planes of graphite are ex-

amined. Second, the SFE characteristics of the SEI layers formed on the edge/basal planes in

various Li- salt electrolytes are investigated.

2.2 Experimental

2.2.1. Surface energy analysis of pristine graphite

The contact angle measurements were carried out using three probe liquids; ultra-pure wa-
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ter (W), formamide (F), dilodomethane (D). The values of SFE of the probe liquids and its

components, used for the calculations, are presented in the Table 7. The contact angles (CA)

were measured by the sessile drop method using a DSA100 goniometer (Kriiss, Germany) at

room temperature. SFE was derived based on van-Oss-Chaudhury-Good (vOCG) theory [13].

Table 1. SFE (yL) in (mJ/m?) of the probe liquids and their Lifshitz van der Waals forces

(y.™W), polar (yLP), acid (yL*) and base (yL") component.

Liquid ¥ v yiE yt ¥
Water (W) 72.8 21.8 51 25.5 25.5
Formamide (F) 58 39 19 228 39.6

Diiodomethane (D) 50.8 50.8 0 0 0

HOPG (highly ordered pyrolytic graphite, 10x10x1.6 mm, Alfa aser) and PGB (pyro-
Iytic graphite-basal plane, area = 0.70 cm?, ALS/Japan) were used to represent the basal plane,
and PGE (pyrolytic graphite-edge plane, area = 0.70 cm?, ALS/Japan) represented the edge
plane of the graphite, respectively. Electrodes were polished on emery paper (#3000, 7 um
grit size) and alumina (0.3 um diameter) slurry on a polishing pad. After the mechanical pol-

ishing, graphite materials were rinsed with distilled water in the ultrasound bath for 30 s to
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avoid any possible contamination by emery paper or alumina powder.

2.2.2 SEI formation

A standard three-electrode configuration in a flooded cell (polyethylene round bottle, 22 mm

diameter) with 4 ml electrolyte was employed for the SEI formation. Li and Pt wire served as

reference and counter electrode, respectively. The pyrolytic graphite electrode (area = 0.07

cm?) from ALS (Japan) was used as a working electrode. Cyclic voltammetry (CV) was per-

formed over 3.5 — 0.005 V at scan rate 5 mV s* in Ar filled glove box. This CVs of graphite

electrodes in 1 M LiFSlI, LiClO4, and LiPFs in EC/DEC (1/2, v/v) solutions are plotted in Fig.

3. Different characteristics of mentioned solutions were also given in Table 8.

Table 2. Properties of the electrolytes used for SEI formation in this study.

EC/DEC (1/2, Vi) 1M LiPF, 1M LiClO, 1M LiFSI
— o E
Chemical structure ® F’f»».i a0 u® O—(UI:O N\ As
F(l\’F (u F/S\\: :/S“\F
Conductivity 7.68 5.06 8.84
[mS/cm]
Viscosity 4.55 422 1.23
[m Pas]
SFE [mN/m] 2937 28.05 29.96
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2.3. Results

2.3.1 SFE analysis of pristine edge and basal graphite

The measured SFE values of graphite electrodes are given in Table 1, and compared

in Fig. 5. HOPG and PGB exhibit similar total SFE around 40—-45 mN/m?, and PGE shows

higher total SFE over 50 mN/m?.

Two basal plane graphites, PGB and HOPG, show similar SFE behavior. It is general-

ly known that basal plane of graphite has abundant electrons, consisting of n-conjugated sp?

carbon atoms, which seems to be responsible for the strong basicity (y?) of basal plane. In

contrast, edge plane exhibits higher y* value. The electron transfer rate is 7 orders of magni-

tude higher at the edge plane than at its basal plane. The high electron transfer means higher

reactivity, which lead to the formation of functional groups. Carboxylic acids, lactones, phe-

nols and carboxyl-carbonate species are responsible for acidic properties of edge planes [10,

11, 12].

Table 3. Surface energy components of HOPG, PGB, and PGE.
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vOCG ytat ,YLW T,.AB .},+ T,—

HOPG 46.18 4294 3.25 0.81 3.24
pristine Basal 41.80 35.93 5.87 1.01 8.54
Edge 51.26 50.03 1.23 4.36 0.09
55 10
Total - Basicity s} Acidity
'E E 8+ —
ESO E. 6; ég_
Eatsf UE) 4: E 2r
= 2 L T
€| . - 8 2] <
I B
0 HOPG PGB PGE 0 HOPG PGB PGE 0 HOPG PGB PGE

Figure 21. Surface energy components (a) total, (b) y" and (c¢) y* of HOPG, PGE, and
PGB electrodes.

It is noted that pure edge or basal planes are not obtainable in real experimental condition,
so the SFE values of HOPG and PGB may be somewhat different to each other even they are
theoretically identical systems. Based on the SFE values, we can conclude that HOPG has
more edge steps than PGB because it shows higher total surface energy and lower y-, which
resembles the SFE behavior of PGE. In other words, it seems that the HOPG used in this

study contains more edge portion than PGB.

2.3.2 SFE analysis of SEI-formed edge and basal graphite
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Among the three types of electrolytes, LiFSI based-electrolyte shows the highest ionic

conductivity and the lowest viscosity. LiPFe and LiClOs-electrolytes exhibit similar viscosity

but LiPFe solution has higher ionic conductivity. As shown in Fig. 23, the Li inser-

tion/deinsertion current in LiPFs is smallest, which is attributed to the fact that LiPFg forms

resistive LiF-rich SEI layer. In contrast, LiClIOs forms highly conductive organic-rich SEI

layer, so LiClO4 shows highest redox current among the three electrolytes.

@ ..l 01}
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0.1 F " 0.1 F
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e es 10 15 20 25 a0 O T Tos 10 15 20 25 a0
(b) 01| 01}
p— 0of 0ot
< 3"
E 01} 0.1 |y
e
— 15‘
02k2" 02k
LiFSI-Edge LiFSI-Basal
O e Tes a0 is 20 23 a0 O e Tos 10 s 20 25 30
(C) 01 F 0.1k

00

01}F

02}

LiClO,-Edge | LiClO,-Basal

A L L L
0.0 05 10 15 2.0 25 3.0 0.0 0.5 1.0 15 20 25 3.0

Ewe [V]

Figure 22. CVs for SEI formation in 1M (a) LiPFs (b) LiFSI and (c) LiClO4 in EC/DEC
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(1/2, viv). Data form edge planes (left) and basal planes (right).

Larger redox current is observed for PGE than for PGB, which seem to be due to the pref-

erential orientation of a PGE for Li transport. In a LiClO4 solution, the reduction current

starts to flow below 0.9 V during the 1st cathodic sweep, and an oxidation peak is observed at

1.0 V during the following anodic sweep. The reduction and oxidation currents are obviously

assigned to the intercalation and the deintercalation of Li* ion through PGE, respectively [17-

23]. No reduction current due to solid electrolyte interphase (SEI) formation is discernible

during the 1st cathodic sweep. Similar voltammetric behaviors were also observed in previ-

ous reports on the edge plane of mechanically polished HOPG in LiClO4 solutions [17-19].

However, this seems to be due to the fact that the SEI formation current overlapped with the

much larger Li* intercalation response, since the SEI formation peak is present at a slower

scan rate. The peak diminishes during the subsequent cycles; this decrease can be attributed

to SEI formation [20-22]. The CV in LiPFs is dramatically different from that in LiClOa. It

exhibits, during the 1st cathodic sweep, a distinct reduction peak at 0.42 V that keeps de-

creasing during the following cycles, which is assigned to SEI formation [21, 22]. The cur-
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rent tail after the reduction peak and the oxidation peak at 1.08 V during the following anodic
scan can be traced to the Li* transport reaction, as in the case of LiClO4. The current scale in
LiPFs, however, is much smaller than that in LiClO4 (less than one half). The reduction cur-
rent starts to flow below 0.8 V at the 1% cathodic sweep, and an oxidation peak is observed at
1.2 V at the following anodic sweep.

During the 1% cathodic sweep, a distinct reduction peak at 0.42 V that keeps decreas-
ing during the following cycles, which is assigned to SEI formation. Below equations are the

reduction reactions of EC when forming the SEI.

EC +2e +Li — CH,!+ (CO,Li)
(CO,L1) + Li" — Li,CO; atlow EC concentration

(CO,Li)” + Li" + EC — (CH,0CO,Li),

at high EC concentration (Eq. 27)

Table 1. SFE components of the graphite electrode cycled in 1 M LiPFs, LiClOa, or

LiFSI solution.
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vOCG ptot yv yAE yt ¥
Pristine EBaszal 41.80 35.93 5.87 1.01 8.54
Edge 3126 30.03 1.23 436 0.09
LiPFs EBaszal 316 37.12 14.05 1.17 42.01
Edge 38.59 22.76 35.83 5.99 3335
LiFSI EBaszal 3342 2944 2398 3.06 45697
Edge 3358 30.87 227 297 4343
LiCl0y EBaszal 3908 36.80 318 0.04 64.02
Edge 4018 2012 20005 2906 3395
60
Total SFE
= Edge
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Figure 23. Total, y* and y values of PGE and PGB electrodes cycled in 1 M LiPFeg,

LiClOg, or LIFSI solution.
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The presence of SEI layer brings dramatic difference in the SFE properties of the

graphite electrodes. In particular, SEI layer greatly increases the y~ values (from 5 to over 40

mN/m?). The origin of the dominant basicity of SEI is not clear yet, but it seems that dilithi-

um ethylene glycol dicarbonate [(CH.OCO-Li), : LIEDC] can be a possible reason because it

is one of representative component of SEI. As shown in Fig. 21. basal plane has more poly-

meric material on the SEI than the cross sectional area of graphite, and salt reduction product,

such as LiF, was dominant on the edge plane. For this reason, LiClIO4, which build organic-

SEI film only, seems that a noticeable y~ was observed on the basal plane. In the pristine state,

shows relatively low polarity. Polishing may remove the surface functionalities. Carboxylic

acids, lactones, phenols and carboxyl-carbonate species are responsible for acidic properties,

where pyrone, chromene, quinone in combination with ether groups are responsible for basic

properties [24].

The SFE values also depend on the types of Li salt employed for SEI formation. It is

expected that LiPFs and LiFSI solutions form inorganic-rich SEI layer, and thus higher total

SFE would be obtained. These decomposition reactions [25, 26] are in below.
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LiPFe;

LiPFg = Li* + PFg~

LiPFs — LiF + PFs

LiFSI;

Li’ + NX,” — LiF + *SO,NX~
*SO,NX~ — NSO,” + *SO,F
— *NSO, + SO,F~

Li’ + *SO,F — LiF + SO,
— LiSO,F

2Li" + NSO," — LiNSO + LiO®

On the other hand, organic-rich SEI is formed in a LiClOs electrolyte, so that low SFE val-

ues are observed compared to LiPFe and LiFSI. Study of inorganic and organic material SFE

in SEI layer might be a direct and convincing target of SFE difference in this study. Currently,

however, cost of LIEDC became an obstacle of work.

2.4. Conclusion and future work

The SFE of pristine graphite and SEI-formed graphite was determined by sessile drop meth-

od in this work. Pristine graphite of edge and basal planes showed high y*and y™ respectively.
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From this data, we may infer the acid functional groups on edge plane and abundant electrons

on the basal plane. LiPFs, LiFSI and LiClO4 were used as a salt to verify a SFE difference

that is caused by dissimilar SEI compositions. LiPFe and LiFSI solutions form inorganic-rich

SEI layer, and these salts made a SEI film with higher total SFEs. On the other hand, organic-

rich SEI is formed in a LiClO4 electrolyte, so lower total SFE value was observed. Regardless

of salts, y~ was greatly increased after SEI formation in all cases. In this study, all the contact

angle measurements were performed in an ambient air condition with ca. 20-30 % relative

humidity. SEI constituents are sensitive to water, so the air-exposure time has to be mini-

mized as much as possible. Also, the model graphite system was examined in this study, so,

in the future, XPS analysis will enable direct and comprehensive interpreting surface energy

analysis of graphite anode and SEI-film. This does mean vOCG would have synergetic effect

if we combine with atomic analysis. In brief, the following experiments will be carried out to

offer more clear view on the electrochemical properties of the SEI on the graphite anode.

(1) The humidity and exposure time control with an air conditioning to minimize the

contact of water or oxygen molecules in air.

(2) Investigation of main organic and inorganic SEI components. This will help to de-

40



scribe a surface energy difference of SEI film.

(3) Coated graphite composite on a cupper foil, same as real battery systems, will be em-

ployed to mimic the more realistic SEI and to perform XPS analysis.
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IIl. Solid surface energy analysis of polymers for solid probe
3.1. Introduction

The calculation of acid—base properties by wetting measurements involves estimating the
fundamental acid—base properties of solid surfaces by their ability to interact with liquids, as
manifested through wetting phenomena. The basic idea of this approach [27-31] consists in
the assumption that the surface free energy splits into components describing, respectively,
the contribution Y™V due to electrodynamic interactions (dominated by dispersion forces) and
the acid—base contribution y"8

yTot _ yLW 4 YAB (Eqg. 28)

The complementarity of acid—base interactions explicitly appears in the expression intro-
duced by Good, van Oss and Chaudhury to describe the acid—base components the surface
free energy of solids or liquids of [31-35]:

Yo=Yz vty (Eq. 29)

Combined with the Young equation and Eq. 29, leads to the following relationship for the

work of adhesion between a liquid and a solid

Waan =Vf°t(1+0059)=2J(v§W W) + 2J(Y§’ yy) +2 /(Yg “vi)
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(Eg. 30)

From the practical point of view, equation above which will be referred to as the van Oss—

Chaudhury-Good (vOCG) equation, accounts for both the acidic and the basic behavior of

liquids in wetting phenomena and allows one to calculate the Lifshitz —van der Waals, the

electron-donor, and the electron-acceptor parameters of a solid by contact angle measure-

ments using (at least) three liquids of known surface free energy components.

The vOCG equation is, in principle, the tool which allows us to measure the acid—base

properties of polymer surfaces, to account for the results of interfacial interactions, and to

design a given surface modification treatment for a given application, but its practical use

shows that it is still very far from this goal.

The characterization and quantitative description of forces at interfaces constitute one of

the most important problems in materials surface and interfacial science. Its solution would

make possible the analytical prediction and explanation of the materials behavior at interfaces

by the quantification of interfacial interactions and, as an immediate consequence, the techno-

logical capability to design material or surface structures for a specific purpose on the basis

of a precisely defined surface structure / properties relationship.
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Among the different definitions of acids and bases, the Lewis theory is the most satisfactory

for applications to polymers. Any substance capable of furnishing electron density must be

considered a base, while an acid is any substance available to accept electron density. Accord-

ing to the preceding definition, the sites that can act as electron acceptors are acidic: metal

atoms of organometallic compounds, electrophilic carbons (i.e.carbon atoms covalently

linked to a more electronegative element, such as oxygen or fluorine), hydrogen atoms in hy-

droxyl or carboxyl groups. In contrast, Lewis bases are electron donors: atoms containing

lone-pair electrons (such as oxygen), or aromatic rings, where the % electrons act as a basic

site. This broader definition best describes the kind of acid—base interactions of interest in

polymer surface and interfacial science. And it is within this same notion that the terms ‘elec-

tron donor’ and ‘electron acceptor’, and are frequently used in the literature as synonyms for

‘Lewis base’ and ‘Lewis acid’, respectively.

The individual contributions to the liquid surface tension are known for a few standard lig-

uids. Therefore by measuring the equilibrium contact angles of (at least) three contacting lig-

uid droplets, the three unknowns of solid surface energy can be obtained by solving a linear

system of three equations [A][x]=[b], given by matrix below.
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}/Ef"(l + cosBp)/2 VyEW
Y5 (1 +cos6y)/2 | = A N

Tot . +
(1 4+ cosby)/2 + Ve
Vi3 (1 +cosbz)/ Vv Vs Eq.31)

The relative error in the contact angle measurements (the right hand side of matrix equa-
tion) is amplified by the condition number of matrix [A], therefore the contacting liquids are
chosen such that the matrix [A] is not ill-conditioned or it has as low a condition number as
possible. [36,37] Condition number was defined to evaluate the triplet’s sensitivity of data
errors.

Cn= Al Il A" 1l (Eq. 32)

We has 7 probe liquid, and these were evaluated suitability of liquid triplet by a condition
number. Among the triplets in the Table, we chose Wa-FA-MI triplet because it has one of

lowest condition number and has measuring convenience.

Table 2. Condition numbers by 3 liquid combination. [Abbreviation] Wa : water, FA :  forma-

mide, MI : diiodomethane, Gly : glycerol, BN : 1-bromonaphtalene, DMSO : dimethylsulfoxide, EG : eth-

yleneglycol
Triplet C.N. Triplet C.N.
Gly-Wa-EG 31.687 Gly-DMSO-BN 30.25
FA-Gly-BN 175.688 FA-Gly-Wa 25.46
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FA-Wa-DMSO 119.84 Wa-DMSO-EG 133.43

Gly-DMSO-EG 46.42 Gly-Wa-DMSO 19.99
FA-EG-BN 54.58 Wa-FA-MI 7.54
FA-Gly-EG 67.58 Wa-Gly-MI 6.30
Gly-EG-BN 75.6 Wa-Gly-BN 6.13

FA-DMSO-EG 343.98 Wa-FA-BN 7.35

DMSO-EG-BN 22.01 Wa-DMSO-MI 7.19

FA-Gly-DMSO 78.17 Wa-DMSO-BN 7.00

FA-DMSO-BN 36.06 Wa-EG-BN 8.91

For a simple example of condition number, contact angle of 7 probe liquid were measured on

a PET film. Various triplets were made to calculate PET surface energy, but only when condi-

tion number is appropriate, surface energy was acceptably deduced. In a figure below, large

error was found in higher condition number, and lower condition number that is below 10

deduced a much proper total surface energy of solid.
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Figure 24. High condition number (left) and low condition number triplet (right) for

solid surface energy measurements.

Many factors affect the electrochemical performances of lithium-ion batteries. The wettabil-

ity of the porous electrodes in such cells by the electrolyte is related to capacity and high-rate

discharge ability. For example, wetting in a porous electrode with very small pores is prob-

lematic, and most of the surface area may not be wetted [38-41]. This results in poor utiliza-

tion of electrode capacity. In addition, the electrolyte resistance may be increased, thus handi-

capping high current charging and discharging current. Menachem et al. [39] used the burn-
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off method to modify graphite powder. After treatment, these modified graphites showed bet-

ter wetting. Furthermore, Manev et al. [40] examined the influence of compacting pressures

at electrode preparation on discharge capacity. Experimental results showed that increasing

the pressing time leads to a decrease in discharge capacity. This is believed to be due to in-

complete wetting of the electrode by lowering the electrode porosity [40, 41]. It is thus im-

portant to improve the contacting behavior of the electrode—electrolyte interface in porous

electrodes. However, only a few studies mention the effects of electrode porosity or particle

size on the wetting in lithium-ion batteries.

In this study, 3 component of solid surface energy were defined by advancing contact an-

gle measurement. Contact angles of 3 liquids were measured on 7 polymers. Based on a

vOCG theory, we deduced 3-componenet solid surface energy and condition numbers.

3.2. Experimental

The contact angles were determined using the following reference liquids: Ultra-pure water

(W), Formamide (F) (HCONH:, 99.5% Reagent grade, Alfa aser), Diiodomethane (D) (CH:lz,

99% stab., Alfa aser). The letters W, F and D were used to stand for relevant reference liquids
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and the corresponding contact angles are quoted as W, F and D, respectively for water,
formamide and diiodomethane at the air, liquid, solid interface. The values of SFE of the ref-

erence liquids and its components, used for the calculations, are displayed in Table 1.

Polymer film

Slide glass

Figure 25. Polymer sample preparing for contact angle measurement.

Smooth polymeric materials (Goodfellow, Cambridge) were used for the characterization
of the solid surface energy: polyethylene (PE), polypropylene (PP), polyvinylfloride (PVF),
polybutylene terephthalate (PBT), polymethyl methacrylate (PMMA), polystyrene (PS), pol-
yvinyl chloride (PVC). Polymers were cut out to attach on the slide glass. This helps the
washing precursor and contact angle measurement. Then polymer samples were sonicated
with a detergent, ethanol and DI water, in the order, and dried with a nitrogen gun.

The contact angles (CA) were measured according to the advancing angle method using a
DSA100 goniometer (Kriiss, Germany), at room temperature (25+2 °C). Dynamic contact
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angle measurements (i.e., advancing and receding contact angles) can be performed by ad-
justing the volume of the drop from above or below the solid surface. However, if it is ad-
justed from the top, its profile will be disturbed as the needle pierces the drop. Since ADSA
requires a complete drop profile for determining contact angles, liquid has to be supplied
from the bottom of the drop. Therefore, liquid is pumped into or withdrawn from the drop by
a motorized syringe through a small hole in the solid surface. The procedure allows meas-
urement of the contact angles without disturbing influences, such as the vibration of the
drops. It has been shown that contact angles on well-prepared solid surfaces are independent
of the rate of the advancing at moderate rates up to at least | mm/min. in other words, low-
rate dynamic contact angles are identical to the static contact angles.

Liquid
Flow

/ Syringe

\

Solld

Figure 26. Schematic view of advancing angle measurement.
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Figure 27. Typical advancing angle measurement time-contact angle graph. This data is

from water contact angle on PE film.

3.3. Results

Advancing angle data on polymer films are in a Table. Except for few cases such as Ml an-

gle on PBT and Wa angle on PVC fime, advancing angle data was generally reproducible and

quite stable.

Table 6. Advancing angle data (first advancing angle/ second advancing angle).

Wa Fa MlI
PTFE -1122 -/102 -/95
PP 99/95 85/79 60/60
PE 102/105 84/85 51.5/58
PVF 82/83 61/61.5 48/48
PBT 98/87 70/75 38/56
PMMA 80/79.5 69/67 44/45
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PS 92/93

PVC 87177

80/73

65/65

Miscible

40/40.5

However, reported contact angle was also considered to exclude exceptional data errors. In

some paper, even they used same material, like PMMA and FA, contact angles were some-

what different. This states that in our experiment could have a difference although material

itself was called as a same name. Impurity, pretreatment or sample storage condition may dif-

fer the surface property. Therefore, in an experimental error, we referred a reported data for

fair surface energy calculation.

Table 7. Advancing angle data that are reported from C. Della Volpe and Wu. (): da-

ta from Wu. Underlined data are ond of closest measured value with the reported one

[36, 41].
Wa Fa MI
PTFE 114.6 91.16 73.94
PP 107.73 80.35 58.57
PE 103.13 (102) 72.70-76.14 (77) 46.32 (53)
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PVF 83.67 (80) 48.94-46.8 (54) 46.69 (49)

PBT 79.62 39.29-36.73 35.06-36.73
PMMA 87.42 (80) 44.04-41.05 (64) 37.18 (41)
PS 91.87 (91) 56.38-57.71 (74) 36.34 (35)
PVC 90.377 (87) 51.31-51.48 (66) 33.75 (36)

Table 8. Solid surface energy by measuring advancing angle measurements.

ytot y? yP v vt

PTFE 10.64 10.58 0.06 0.01 0.18
PP 24.21 23.43 0.78 0.67 0.22
PE 31.52 31.45 0.07 0.03 0.04
PVF 36.77 34.83 1.94 1.70 0.55
PBT 40.62 40.60 0.02 0.05 0.00
PMMA 39.96 39.10 0.86 2.47 0.07
PS 41.99 41.56 0.43 0.49 0.09
PVC 41.79 41.56 0.23 0.94 0.01

Solid surface energy was calculated using Wa-FA-MI triplet based on a vOCG theory. For the

further utilization of polymer surface energy was calculated and tabled below.

Table 9. Screened solid triplets which has condition number less than 65.

Combination C.N.
PTFE-PP-PVC 60.72
PTFE-PE-PVC 60.21
PTFE-PE-PMMA 39.13

53



PTFE-PVF-PVC 63.26

PTFE-PVF-PMMA 56.83
PTFE-PBT-PMMA 43.01
PTFE-PVF-PMMA 64.00
PP-PVF-PMMA 41.29
PE-PVF-PMMA 3757
PVF-PBT-PMMA 38.63
PVF-PMMA-PS 41.10
PVF-PMMA-PVC 45.47

3.4. Discussion and future plan

Polymer surface energy was calculated by measuring advancing angles on the polymer.

Combination of well-conditioning solid triplets may help to find a battery electrolyte. If well-

conditioned solid triplet would be found, an accuracy can be tested by a probe liquid evalua-

tion, because we already know a liquid 3-component surface energy. In other words, compar-

ing calculated liquid surface energy by solid triplet and conventional liquid 3-component sur-

face energy is one way to check a correctness of solid surface energy. One more thing to be

improved is about higher solid surface energy than a liquids. When liquid total surface energy

is much lower than solid substrate, liquid tend to cover the solid to stabilize the system. This
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means that contact angle cannot be detected because liquid is going to be spread out of the

solid surface. Therefore, solid with lower surface energy is preferable if possible. Also, encas-

ing gel- method could be cooperated to have accurate 3-component surface energy of probe

liquid.
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